We determined the taxonomic status of six Bacillus species (Bacillus alginolyticus, Bacillus chondroitinus, Bacillus curdlanolyticus, Bacillus glucanolyticus, Bacillus kobensis, and Bacillus thiuminolyticus) by using the results of 16s rRNA gene sequence and cellular fatty acid composition analyses. Phylogenetic analysis clustered these species closely with the Paenibacillus species. Like the Paenibacillus species, the six Bacillus species contained anteiso-C,,,, fatty acid as a major cellular fatty acid. The use of a specific PCR primer designed for differentiating the genus Paenibacillus from other members of the BaciUaceae showed that the six Bacillus species had the same amplified 16s rRNA gene fragment as members of the genus Paenibacillus. Based on these observations and other taxonomic characteristics, the six Bacillus species were transferred to the genus Paenibacillus. In addition, we propose emendation of the genus Paenibacillus.
Rod-shaped, aerobic, endospore-forming bacteria have generally been assigned to the genus Bacillus, a systematically diverse taxon (5). 16s rRNA gene sequence analyses have identified at least 10 phylogenetic groups in the genus Bacillus (2, 3, 7 , 23, 26, 31, 33, 34, 36) . Five of the groups have been reclassified as the new genera Alicyclobacillus (36) , Paenibacillus (2) , Halobacillus (33) , Brevibacillus ( 3 l), and Aneurinibacillus (31) . The genus Paenibacillus as proposed by Ash et al. (2) consists of the following 11 species: Paenibacillus pobmyxa, Paenibacillus alvei, Paenibacillus gordonae, Paenibacillus larvae, Paenibacillus pulvifaciens, Paenibacillus macerans, Paenibacillus azotojkans, Paenibacillus pabuli, Paenibacillus macquariensis, Paenibacillus amylolyticus, and Paenibacillus validus. Clostridium durum has also been transferred to this genus (6). Recently, Heyndrickx et al. reported that P. gordonae was a synonym of P. validus (12) , that P. pulvifaciens was a subspecies of P. larvae (ll) , and that Bacillus lautus and Bacillus peoriae should be transferred to the genus Paenibacillus (13). In addition, Nakamura proposed the new species Paenibacillus apianus (22) . Consequently, the genus Paenibacillus consists of 13 species and one subspecies.
Members of the genus Paenibacillus are facultatively anaerobic organisms that produce spores in definitely swollen sporangia and have G+C contents ranging from 45 to 54 mol%, and some of these organisms excrete diverse assortments of extracellular polysaccharide-hydrolyzing enzymes (5, 25) . Interestingly, many recently described Bacillus species possess the general characteristics of the genus Paenibacillus. The noteworthy ability of these species to hydrolyze complex carbohydrates, including alginate (19) , chondroitin (19) , chitin (25) , curdlan (14) , and other polysaccharides (25) , suggests that some of them may be related to the genus Paenibacillus. To understand the taxonomic position of these Bacillus species 
FIG. 1. Phylogenetic relationships of
Paenibucillus species and some aerobic, rod-shaped, endospore-forming bacteria based on 16s rRNA gene sequences, The branching pattern was generated by the neighbor-joining method. The numbers indicate bootstrap values greater than 700. Boldface lines and boldface type indicate the cluster consisting of Paenibacillus species and the species sequenced in this study, respectively. Bar = 0.01 nucleotide substitution per site.
Nucleotide sequence accession numbers. The 16s rRNA gene sequences determined in this study have been deposited in the EMBL, GenBank, and DDBJ databases under the accession numbers listed in Table 1 . rRNA gene sequence similarity values greater than 89.6% (data not shown) placed the six Bacillus species, P. lautus, and P. peoriae within the realm of the genus Paenibacillus. In a phylogenetic tree, the two strains belonging to each of the six Bacillus species and the two Paenibacillus species were members of a robust monophyletic cluster containing the Paenibacillus species (Fig. 1 ). An inspection of the tree revealed close relationships between P. peoriae and P. azotojixans, between B. glucanolyticus and P. lautus, between B. thiaminolyticus and the P. alvei-P. apiarius complex, between B. curdlanolyticus and B. kobensis, and between B. alginolyticus and B. chondroitinus. Cellular fatty acid compositions. A total of 47 strains of aerobic, endospore-forming rods were analyzed to determine their cellular fatty acid compositions. All of the strains in the Paenibacillus cluster contained anteiso-C,,,, acid as a major cellular fatty acid, and the level of this fatty acid ranged from 36.9 to 81.0% (Table 2) .
RESULTS

Phylogenetic relationship,
Identifying members of the Paenibacillus cluster by 16s rRNA gene amplification. Primer PAEN.5 15F designed for detection of the Paenibacillus cluster spanned positions 491 to 515 (Fig. 2 ). PCR amplifications with primers PAEN515F and 1377R produced a 0.8-kb PCR fragment in preparations of the strains of all of the members of the Paenibacillus cluster tested (including the six Bacillus species), but not in preparations of strains belonging to other clusters ( Fig. 3 [ A phylogenetic analysis based on 16s rRNA gene sequences placed B. alginolyticus, B. chondroitinus, B. curdlanolyticus, B. glucanolyticus, B. kobensis, B. thiarninolyticus, P. lautus, and P. peoriae in a robust (bootstrap value, 1,000) cluster consisting of the Paenibacillus species. Sequence comparisons performed with members of this cluster revealed intracluster similarity values greater than 89.6%. The results of the phylogenetic analysis of B. thiarninolyticus, P. lautus, and P. peoriae correlated well with the results of polyphasic taxonomy reported by Heyndrickx et al. (13) . Ash et al. (2) reported that P. lautus (formerly B. lautus) was a member of rRNA group 1 based on the 16s rRNA sequence of the type strain. The different position of this species may have been due to an erroneous gene sequence used in the study of Ash et al. (2) . Table 3 shows phenotypic characteristics of the members of the Paenibacillus cluster. Interestingly, species that formed groups in the Paenibacillus cluster exhibited similar polysaccharidase or physiological activities or originated from common habitats. For example, P. peoriae, P. azotofians, and P. polymyxa are members of a group (Fig. 1) that hydrolyze pectin and xylan and fix nitrogen. The B. glucQnolyticus-P. ZQutus, B.
curdlanolyticus-B. kobensis, and B. alginolyticus-B. chondroitinus pairs are closely related organisms that share the ability to hydrolyze various P-glucans, curdlan, and alginate, respectively. B. thiarninolyticus, P. alvei, and P. apiarius appear to be members of a group (Fig. 1) that consists of species which are frequently isolated from honeybee environs.
The general similarity of the distribution of cellular fatty acids in the organisms also indicates the cohesiveness of the Paenibacillus cluster (Fig. 3) . Furthermore, like many previously described Paenibacillus species, the new species exhibit diverse polysaccharidase activities (1, 14, 19, 25) .
Detection primer PAEN515F was designed on the basis of a signature DNA sequence found in the 16s rRNA gene of Paenibacillus species. Ash et al. (2) showed that slot blot hybridization is useful for identification of the genus Paenibacillus when an amplified 16s rRNA gene from chromosomal DNA and a specific probe are used. Shida et al. (31) despribed a rapid, simple, and efficient method for identifying the genera Brevibacillus and Aneurinibacillus by PCR amplification of 16s rRNA gene fragments with genus-specific detection primers. The genus Paenibacillus was successfully differentiated from the other taxa belonging to the Bacillaceae by using PAEN515F as the detection primer. Concomitantly, the six Bacillus species placed in the Paenibacillus cluster were identified as members of the genus Paenibacillus. At this time, the phenotypic characteristics available for differentiating and identifying the genera belonging to the Bacillaceae are inadequate (Table 4 ). The use of probes and specific detection primers should be very useful for identifying and differentiating members of the Bacillaceae. Based on the observations described above, we propose that B. alginolyticus, B. chondroitinus, B. curdlanolyticus, B. glucanolyticus, B. kobensis Description of Paenibacillus alginolyticus (Nakamura 1987) comb. nov. The description of Paenibacillus alginolyticus comb. nov. is identical to the description of B. alginolyticus given by Nakamura (19) . The major cellular fatty acids are anteiso-C,,:, and iso-C16:o acids (this study). Kanzawa et al. (14) . Type strain I F 0 15729 (= ATCC 51900 = CIP 104576) has been deposited in the Culture Collection of the Research Laboratory of Higeta Shoyu Co., Ltd. as strain HSCC 488.
Description of Paenibacillus thiaminolyticus (Nakamura 1990) comb. nov. The description of Paenibacillus thiaminolyticus comb. nov. is identical to the description of B. thiaminolyticus given by Nakamura (21) . The major cellular fatty acids are anteiso-C,,:,, anteiso-C,,:,, C16:,, and iso-C,,:, acids (this study). Type strain JCM 8360 (= AHU 1393 = NRRL B-4156 = I F 0 15656) has been deposited in the Culture Collection of the Research Laboratory of Higeta Shoyu Co., Ltd. as strain HSCC 148.
Emendation of the genus Paenibacillus. The observations made in this study revealed that the genus Paenibacillus consists of 19 species and one subspecies. Some characteristics in the original description of this genus as proposed by Ash et al. (2) were not found in several Paenibacillus species. Therefore, the description of this genus should be emended, as described below. Facultatively anaerobic or strictly aerobic. Almost all of the species are positive for catalase. Paenibacillus larvae subsp. larvae and Paenibacillus larvae subsp. pulvifaciens are negative for catalase. Oxidase activity is variable.
Emended description of the genus
The Voges-Proskauer reaction (production of acetylmethylcarbinol) is variable, and the pH in Voges-Proskauer broth is less than 6.0.
Hydrogen sulfide is not produced. Indole is produced by some species.
Nitrate reduction to nitrite is variable.
. DSMZ 5051 (= NRRL NRS-1351 = ATCC 51184 = I F 0
Hydrolysis of casein, hydrolysis of starch, and hydrolysis of Decomposition of tyrosine is variable. Growth at pH 5.6 and growth at 50°C are variable. Optimum growth occurs at pH 7.0. The optimum growth temperature of 19 species (all species except P. macquariensis) is 28 to 30°C. The optimum growth temperature of P. macquariensis is 20 to 23°C. Growth is inhibited by 10% NaC1. Some species do not grow in medium containing 0.001% lysozyme.
Acid is produced from various sugars. P. polymyxa, P. peoriae, P. azotofians, and P. macerans produce gas from various sugars. urea are variable.
Some species decompose polysaccharides. The major cellular fatty acid is anteiso-C,,,,, acid. The G + C contents range from 45 to 54 mol%. The levels of 16s rRNA gene sequence similarity are more than 89.6% for the members of this genus. A 16s rRNA gene fragment is amplified by PCR with primers PAEN515F and 1377R.
The type species is P. polymyxa.
